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Abstract The Thermococcus litoralis 4-K-glucanotransferase
(GTase) gene has a high content of AGA and AGG codons for
arginine, which are extremely rare in Escherichia coli. Expres-
sion of the GTase gene in E. coli resulted in low protein
production and the accumulation of inclusion bodies. However,
simultaneous expression of GTase with tRNAAGA, tRNAAGG
and GroELS affected both the production and solubility of
GTase, and production of soluble GTase increasing about 5-fold.
This new E. coli expression system should be applicable to the
expression of not only archaeal but also eukaryotic genes, which
usually contain a large number of AGA and AGG codons.
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1. Introduction
The expression of heterologous genes in Escherichia coli is
one of the most frequently used techniques in the laboratory
and industry. When a strong promoter is used to express
recombinant proteins, a yield of more than 10% of the total
E. coli proteins can often be obtained. But the problem some-
times occurs that recombinant proteins are expressed at seri-
ously low levels. One of the factors causing low level expres-
sion of recombinant proteins in E. coli is the unfavorable
codon usage of heterologous genes [1]. It is well known that
the codon usage of E. coli is highly biased. In particular,
arginine AGA and AGG codons are extremely rare, and
tRNAs speci¢c for these codons are poorly produced in E.
coli [2,3]. On the other hand, AGA and AGG codons are
major arginine codons in eukarya and archaea (Table 1).
Thus, heterologous expression of eukaryotic and archaeal
genes in E. coli could lead to disadvantages including low
expression levels [1], frame shifts [4], truncation [5] or amino
acid misincorporation [6,7] during protein translation. Codon
optimization through gene synthesis or site-directed mutagen-
esis of a gene has sometimes been performed to overcome
these problems. Alternatively, coexpression of tRNA speci¢c
for AGA (tRNAAGA) with heterologous genes that contain
AGA codons also suppress these negative e¡ects due to
AGA codons [1,4,7]. Even if a gene contains only few AGA
codons and a su⁄cient expression level is achieved without
tRNAAGA, coexpression of tRNAAGA can further improve the
expression level [8]. tRNAAGA is encoded by the argU gene
(formerly called dnaY) in E. coli [9]. This tRNA had previ-
ously been thought to recognize both AGA and AGG codons
through wobbling [1,9], but was found not to recognize the
AGG codon because of modi¢cation of the ¢rst anticodon
[4,10]. The tRNA for AGG (tRNAAGG) is encoded by the
argW gene in E. coli [3]. The arginine AGG codon is ex-
tremely rare in E. coli like the AGA codon. However, coex-
pression of tRNAAGG with a heterologous gene has not yet
been reported.
It is also a serious problem that recombinant proteins ex-
pressed in E. coli often form insoluble inclusion bodies. Espe-
cially for X-ray crystallography, it is important to obtain large
amounts of recombinant proteins in soluble forms because
recombinant proteins refolded from inclusion bodies can pos-
sibly lose their intact structures. Several techniques have been
developed to obtain recombinant proteins in soluble forms.
coexpression of GroELS, molecular chaperones in E. coli in-
volved in the correct folding of premature proteins in an ATP-
dependent manner, is one of the e¡ective techniques. Many
recombinant proteins expressed in E. coli have been obtained
in soluble forms through coexpression of GroELS (review in
[11]).
4-K-Glucanotransferase (GTase) of hyperthermophilic ar-
chaeon Thermococcus litoralis belongs to the glycosyl hydro-
lase family 57 and produces cycloamylose, a novel cyclic K-
1,4-glucan with a high degree (up to hundreds) of polymer-
ization, from amylose [12]. Cycloamylose is more highly po-
lymerized than cyclodextrins, and therefore shows improved
features to form inclusion complexes, and to dissolve in water
[13]. For these properties, cycloamylose is expected to be used
in future industry. However, the molecular mechanism for
forming such a large cyclic glucan remains unclear because
structural information of the enzyme has never been reported.
To elucidate the structure-function relationship of the enzyme,
we have cloned the GTase gene and expressed the gene in E.
coli [12]. But the expression level of GTase was low and over
half of the expressed GTase was insoluble. The low level ex-
pression of GTase was probably due to the high contents of
AGA and AGG codons in the GTase gene. In this paper, we
report a powerful production system for GTase in E. coli
involving simultaneous expression of both minor arginine
tRNAs and GroELS. This system provided a su⁄cient
amount of soluble GTase for X-ray crystallography. The ef-
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fects of minor arginine tRNAs and GroELS on the expression
level and solubility of GTase are discussed.
2. Materials and methods
2.1. Materials
Restriction endonucleases were purchased from Boehringer Mann-
heim (Mannheim, Germany). ExTaq DNA polymerase and the DNA
ligation kit were purchased from Takara Shuzo (Kyoto, Japan). The
ingredients for the E. coli medium were from Difco. Ampicillin was
from Nacalai Tesque (Kyoto, Japan). Kanamycin was from Meiji
Seika (Tokyo, Japan). Chloramphenicol was from Merck. Isoprop-
yl-L-D-thiogalactopyranoside (IPTG) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). Synthetic oligonucleotides
were purchased from Hokkaido System Science (Sapporo, Japan).
2.2. Bacterial strains and plasmids
For DNA manipulation, E. coli strain MV1184 {ara, v(lac-proAB),
rspL, thi (P80lacZvM15), v(srl-recA) 306: :Tn10(tetr)/FPtraD36,
proAB, lacIq, lacZvM15} and JM109 {recA1, endA1, gyrA96, thi-
1, hsdR17, supE44, relA1, v(lac-proAB)/FP traD36, proAB, lacIq,
lacZvM15} were used. For expression of the GTase gene, E. coli
strain BL21(DE3) {E. coli B, F3, dcm, ompT, hsdS(r3B m
3
B ) gal
(DE3)} was used. pUBS520 [1] carrying the argU gene and pT-groE
[14] carrying the groESL operon under the T7 promoter were kind
gifts from Dr. P. Buckel of Boehringer Mannheim and Dr. S. Ishii of
the Institute of Physical and Chemical Research (RIKEN), respec-
tively. pJGT7 is a GTase expression vector, which has the GTase
gene under the T7 promoter (Jeon et al., unpublished result).
2.3. Construction of plasmids
The argW gene was ampli¢ed from chromosomal DNA of MV1184
cells by polymerase chain reaction (PCR) using the following oligo-
nucleotide primers: 5P-GGTTTAAGCAATCGAGCGG-3P (sense pri-
mer) and 5P-AGCGAACCATGACGAACTG-3P (antisense primer).
Ampli¢ed DNA was ligated into the T7Blue T-vector (Novagen),
followed by digestion with SalI and SmaI. A small SalI^SmaI frag-
ment was ligated between the SalI and ScaI sites of pUBS520 to
obtain pArgUW. pArgUW was digested with AviII and then self-
ligated to yield pArgW2. A small SalI^SmaI fragment of pT-groE
was ligated between the SalI and PvuII sites of pUBS520, pArgW2
and pArgUW to obtain pAUGE, pAWGE and pGro-ArgUW, respec-
tively. The characteristics of these plasmids are presented in Table 2.
2.4. Coexpression of tRNAAGA, tRNAAGG and GroELS with GTase
E. coli BL21(DE3)/pJGT7 was used for expressing GTase alone.
For coexpression of GTase with tRNAAGA, tRNAAGG and/or
GroELS, E. coli BL21(DE3)/pJGT7, which was cotransformed with
the plasmids indicated in Table 2, was used. A 30 Wl aliquot of an
overnight culture was added to 3 ml fresh LB medium containing
appropriate antibiotics and then the cells were grown for 3 h at
37‡C. The T7 promoter was subsequently induced by the addition
of 0.1 mM IPTG. The cells were allowed to grow for an additional
3 h at 37‡C, collected by centrifugation and then suspended in 20 mM
Tris-HCl bu¡er (pH 8.0). The cells were disrupted by sonication, and
then the resultant lysate was ultracentrifuged at 100 000Ug for 60 min
to separate the soluble and insoluble fractions.
2.5. SDS-PAGE
SDS-PAGE was performed by the method of Laemmli [15]. The
sample proteins were denatured in the sample bu¡er at 100‡C for
5 min prior to electrophoresis. Samples derived from 0.1 OD660 unit
cells were applied to the gels. The gels were stained with Coomassie
brilliant blue.
2.6. Assaying of GTase activity
To measure GTase activity 30 Wl of a sample solution, which was
equivalent to 0.015 OD660 unit cells, was mixed with 120 Wl of 1%
maltotriose dissolved in 20 mM sodium phosphate bu¡er (pH 6.0),
followed by incubation at 90‡C for 15 min. The glucose liberated was
determined by the glucose oxidase/peroxidase method [16]. One unit
of enzyme activity was de¢ned as the amount of enzyme that released
1 Wmol glucose from maltotriose per min at 90‡C.
3. Results and discussion
The GTase gene of T. litoralis contains 19 AGA and 10
AGG codons (2.9% and 1.5% of total codons, respectively)
out of 659 total codons. When only the GTase gene was ex-
pressed in E. coli BL21(DE3) cells using strong T7 RNA
polymerase, the expression level of GTase was low and, more-
over, approximately 60% of the expressed enzyme was insolu-
ble (Fig. 1A, lane 2).
Then the GTase gene was expressed with tRNAAGA and/or
tRNAAGG and/or GroELS in BL21(DE3) cells. The cell ly-
sates were separated into soluble and insoluble fractions and
then the expression level and solubility of GTase were deter-
mined by SDS-PAGE. On the stained SDS-polyacrylamide
gel, an about 85-kDa band corresponding to GTase could
be clearly distinguished from E. coli proteins for all of the
cellular fractions (upper arrow in Fig. 1A), except for the
negative control, in which the cells harbored the vector with-
out the GTase gene insert (Fig. 1A, lane 1). A band of GroEL
was also observed in lanes 6^9 in Fig. 1A (lower arrow). In
addition, the GTase activities of the soluble fractions were
measured (Fig. 1B).
The expression level of GTase greatly increased and about
40% of the expressed enzyme was soluble, when the GTase
gene was coexpressed with tRNAAGA, tRNAAGG and
GroELS (Fig. 1A, lane 9). Also, the GTase activity of the
Table 1
AGA and AGG codon usage in E. coli and other organisms
Per all codonsa (%) Per arginine codonsa (%)
AGA AGG AGA AGG
Eubacteria
E. coli 0.25 0.15 4.5 2.7
Bacillus subtilis 1.06 0.39 25.7 9.4
Helicobacter pylori 0.94 0.85 27.2 24.6
Viruses
HIV-1 3.88 1.62 58.4 24.4
Archaea
Methanococcus jannaschii 2.76 0.99 71.9 25.8
Pyrococcus horikoshii 2.04 3.03 37.2 55.3
Eucarya
Saccharomyces cerevisiae 2.13 0.93 48.0 20.9
Arabidopsis thaliana 1.82 1.11 34.7 21.2
Human 1.09 1.10 19.8 20.0
aValues were calculated using the codon usage database [19].
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soluble fraction was approximately ¢ve-fold higher (Fig. 1B,
lane 9) than that without coexpression (Fig. 1B, lane 2). When
coexpressed with GroELS and either tRNAAGA or tRNAAGG,
the enzyme activity of the soluble fraction was also high (Fig.
1B, lanes 7 and 8), but a little lower than that with the com-
plete system (Fig. 1B, lane 9).
When the GTase gene was coexpressed with tRNAAGA and
tRNAAGG, without GroELS, most of the expressed enzyme
accumulated as insoluble inclusion bodies (Fig. 1A, lane 5),
although the total production level of GTase was increased in
comparison with that without the coexpression of tRNAs
(Fig. 1A, lane 2). Consequently, the GTase activity of the
soluble fraction became lower with the coexpression of
tRNAAGA and tRNAAGG (Fig. 1B, lane 5). Coexpression of
tRNAAGA alone led to similar results (Fig. 1A,B, lane 3) to
those with the coexpression of both (Fig. 1A,B, lane 5). Coex-
pression of tRNAAGG alone a¡ected the production level of
total GTase (Fig. 1A, lane 4) less than that of tRNAAGA (Fig.
1A, lane 3), which may re£ect the di¡erence between the
numbers of AGA and AGG codons in the GTase gene. How-
ever, the solubility of GTase (Fig. 1A, lane 4) and GTase
activity (Fig. 1B, lane 4) with tRNAAGG were much higher
than those with tRNAAGA (Fig. 1A,B, lane 3), for unknown
reasons.
In contrast, coexpression of GroELS alone led to a decrease
in the total production level of GTase (Fig. 1A, lane 6), while
the net amount of soluble GTase increased because most of
the expressed GTase was soluble (Fig. 1A, lane 6). Conse-
quently, GTase activity increased about two-fold (Fig. 1B,
lane 6) in comparison with that without any coexpression
(Fig. 1B, lane 2). The decrease in the total production of
GTase on coexpression of GroELS may be due to the limi-
tation of aminoacyl tRNAs and/or ribosomes. A decrease in
the production level of GroELS was also observed when
GTase was coexpressed with tRNAAGA and/or tRNAAGG
and this phenomenon could be accounted for in the same way.
Consequently, the GTase activity of the soluble fraction
was highest when the GTase gene was expressed with both
GroELS and the minor arginine tRNAs. In contrast, when
only the minor arginine tRNAs were coexpressed, the GTase
activity became lower, probably because the folding of the
GTase polypeptide failed to catch up with the synthesis.
The most e¡ective way to overproduce recombinant pro-
teins in E. coli is to exchange rare codons of the genes for
favorable codons by means of site-directed mutagenesis or
gene synthesis. However, the alternative method of coexpres-
sion of minor tRNAs can easily increase the expression of
recombinant proteins to su⁄ciently high levels, suppressing
translation errors in a more economic way. So far, tRNAAGG
has never been coexpressed with a heterologous gene. The
present results indicate for the ¢rst time that coexpression
of tRNAAGG is also e¡ective for the expression of heterolo-
gous genes in E. coli, like the coexpression of tRNAAGA.
The tRNAAGA/tRNAAGG/GroELS expression plasmid con-
structed in this study has a replication origin of p15A, and is
compatible with most vectors for the expression or cloning of
the genes. Heterologous genes can easily be coexpressed with
tRNAAGA, tRNAAGG and GroELS by using E. coli cells har-
boring both an expression vector for the heterologous gene of
interest and the tRNAAGA/tRNAAGG/GroELS expression
plasmid. Coexpression of either tRNAAGA [1,17,18] or
GroELS [11] was reported previously. Now, a novel expres-
sion system involving tRNAAGA/tRNAAGG/GroELS in E. coli
has been proved to be useful for the overexpression of a gene
containing rare arginine codons, and should be applicable to
the expression of eukaryotic and archaeal genes with relatively
high contents of tRNAAGA and tRNAAGG (Table 1) in E. coli.
Table 2
Characteristics of minor arginine tRNAs and GroELS expression
plasmids
Plasmida Product
pUBS520 tRNAAGA
pArgW2 tRNAAGG
pArgUW tRNAAGA and tRNAAGG
pT-groE GroELS
pAUGE GroELS and tRNAAGA
pAWGE GroELS and tRNAAGG
pGro-ArgUW GroELS, tRNAAGA and tRNAAGG
aAll plasmids have a kanamycin marker except for pT-groE, which
has a chloramphenicol marker.
Fig. 1. E¡ects of coexpression of tRNAAGA, tRNAAGG and GroELS on the production and solubility of GTase in E. coli. SDS-PAGE of the
total proteins (A) and GTase activity of the soluble fraction of an E. coli BL21(DE3) cell lysate (B). Expression of the genes and preparation
and fractionation of the cell lysates were performed as described in Section 2. A: (T) Total cell lysate, (S) soluble fraction and (I) insoluble
fraction equivalent to 0.015 OD660 unit cells were subjected to electrophoresis. The upper arrow indicates the bands of GTase and lower arrow
indicates the bands of GroELS. Lane 1: E. coli cells harboring a vector without the GTase gene insert; lane 2: cells harboring pJGT7 for the
GTase gene only; lane 3: cells harboring pJGT7 and pUBS520 for the tRNAAGA gene; lane 4: cells harboring pJGT7 and pArgW2 for the
tRNAAGG gene; lane 5: cells harboring pJGT7 and pArgUW for the tRNAAGA and tRNAAGG genes; lane 6: cells harboring pJGT7 and pT-
groE for the groESL operon; lane 7: cells harboring pJGT7 and pAUGE for the tRNAAGA gene and the groESL operon; lane 8: cells harbor-
ing pJGT7 and pAWGE for the tRNAAGG gene and the groESL operon; lane 9: cells harboring pJGT7 and pGro-ArgUW for the tRNAAGA
and tRNAAGG genes, and the groESL operon. B: GTase activity of the soluble fractions was measured as described in Section 2. The lanes are
numbered as in A.
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